the sound power generation of a circular plate of uniform thickness using the exact integral representation. Rdzanek and Engel [13] determined the acoustic power output of a clamped annular plate using asymptotic formula. Wodtke and Lamancusa [14] minimized the acoustic power of circular plates of uniform thickness using the damping layer placement.
Wanyama [15] studied the acoustic radiation from linearly-varying circular plates using Rayleigh surface integral and surface integration method. Lee and Singh [16] used the flexural and radial modes of a thick annular plate to determine the self and mutual radiation using the modal expansion technique. Cote et al. [17] studied the vibro acoustic behaviour of an unbaffled rotating disk using Rayleigh Ritz approach. Jeyraj [18] used an isotropic plate with arbitrarily varying thickness to determine its vibro-acoustic behaviour using finite element method. Ranjan and Ghosh [19] studied, forced response of thin plates of uniform thickness with attached discrete dynamic absorbers using finite element method. Bipin et al. [20] analysed an isotropic plate with attached discrete patches and point masses with different thickness variation with different taper ratios to determine its vibro acoustic response using Rayleigh integral and finite element method. Lee and Singh [21] investigated the annular disk acoustic radiation using structural modes through analytical formulations using far field and radiation impedance approach. Rdzanek et al [22] investigated the sound radiation and sound power of a planar annular membrane for axially-symmetric free vibrations using both Bouwkamp integral and Cauchy's theorem. Nakayama et al [23] investigated the acoustic radiation of a circular plate for a single sound pulse. Lee and Singh [24] used a simplified disk brake rotor to investigate the acoustic radiation through a semi-analytical method. Thompson et al. [25, 26] analysed the modal approach for different boundary conditions to calculate the average radiation efficiency of a rectangular plate. Rayleigh [27] determined the sound radiation from flat finite structures. Maidanik [28] analysed the total radiation resistance for ribbed and simple plates using a simplified asymptotic formulation. Hecki [29] analysed the acoustic power using wave number domain and Fourier transforms. Williams [30] determined the wave number as a series in ascending power to estimate the sound radiation from planar source. Keltie and Peng [31] analysed the sound radiation using the cross-modal coupling from a plane using Heckl's power integral. Snyder and Tanaka [32] demonstrated the importance of cross-modal contributions for a pair of modes through total sound power output using modal radiation efficiency.
Review of the literature suggested that a study of sound radiation behaviour due to self and mutual radiation of a circular, annular plate having a parabolic varying thickness with different taper ratios and exciting force at different 
Mathematical Modelling and Analysis Procedure Free Vibration of Plate
The eigen value problem for ω 2 due to the natural frequency and modes shape of the plate is given by
Where [M] is known to bethe mass matrix and [k] is known to be the stiffness matrix while mn ψ is considered to be the mode shape of plate and the corresponding natural frequency of the plate is ω in rad/sec.
The non-dimensional frequency parameter 'λ 2 'is given by
Where D is considered to be the flexure rigidity = Eh 3 12 1 υ 2 , E is the Young's modulus of elasticity, υ is the Poisson's ratio, h is the thickness of the plate and ρ is known to be the density of plate.
Analytical and Numerical Formulation for Acoustic Radiation from Annular Circular Plate
It is considered that an annular circular plate of inner radius 'b' and outer radius 'a' in flexural vibration is set on flat rigid baffle having infinite extent as reported in Figure 1 . Acoustic scattering of the edges of a vibrating structure is neglected in this study. If P be the self sound pressure amplitude, S s be the surface of the sound source, q be the Green function in free field, l s and l p be the position vectors of source and receiver and the surface normal vector at l s be f, then structure sound radiation can be obtained by Rayleigh integral [10] as given by
The sound pressure, radiated from non-planar source in far and free field environment based on plane wave approximation can be expressed by
If ρ 0 be the mass density of air, c 0 be the speed of sound in air, B be the corresponding acoustic wave number, and U and u be the corresponding vibratory velocity amplitude and spatial dependent vibratory velocity amplitude in the z direction at l s, then from a normal plane [10] , the modal sound pressure P mn for an annular plate with (m, n) th mode is obtained from simplifying Eq. (4) with Hankel transform and is expressed by ( ) ( ) 
Where, for the two normal surfaces of the plate the spatially average r.m.s velocity is represented by |u | ts .
Considering the plate thickness (h) effect, the sum of sound radiations 16 from two normal surfaces of the plate at (Z = 0.5h and -0.5h) will represent the modal sound power which can be given by
Where, the corresponding acoustic wave number of the (m, n) th mode is represented by B m,n , s and o in Eq. (10-11) represent source side and opposite to source side. If several modes are excited the total sound power for a frequency can be divided into two groups. First, power from self radiation of individual modes and second power from the mutual radiation between two or more structural modes. The modal coupling may be either due to two (m, n) modes or two radial modes as well as between structural mode (m, n) and radial modes (r). However, in this paper, the mutual radiation due to modal coupling between two out of plane structural modes (m, n) and (m 1 , n 1 ) is considered and these two modes have same n. The total acoustic power [16] 
THICKNESS VARIATION OF THE PLATE
In this paper, a parabolically decreasing thickness variation in radial direction for free free thick annular circular plate is considered for analysis and is reported in Figure 2 . The radial direction is considered for thickness variation by keepingthe total mass of the plate constant. In radial direction the plate thickness is given by h x = h [1 -T x {f(x)} n ], where 'h' is the maximum thickness of the plate and f(x) is considered to be an arbitrary function of ordinate x.
Where,
where b<x< a
And the taper parameter or taper ratio (T x ) is given by
The equation for parabolically decreasing thickness variation (Figure 2 ) is given by
Where n= 2 for parabolic profile. The total volume of the plate is kept constant and is given by Volume = Table 1 . Rayleigh integral has been used for sound power calculation and ANSYS has been used as a tool for computation. 
RESULTS AND DISCUSSIONS

Validation of Modal Frequency and Acoustic Power Calculation
In this paper, the modal frequency of the thick annular circular plate is validated with the existing result of Lee and Singh [10] . From Table 2 it is clearly understood that the results obtained in this studyis in good and good agreement with the existing literature [10] . For acoustic power calculation the force excitation at different locations for two out of plane modes (m, n) and (m 1 , n 1 ) are considered. The total power generated, including self power and mutual power due to modal coupling of two out of plane modes (m, n) and (m 1 , n 1 ) is calculated both analytically and numerically.
The calculated result of total power due to the force excitation at different locations is validated with the published experimental results of the existing literature [10] . A good and well agreement of result is seen as reported in Figure 3 . In this paper, the total power generated, including self power and mutual power due to modal coupling of two out of plane structural modes (m, n) and (m 1 , n 1 ) is calculated neglecting radial mode are = 0 in Eq.12. The mutual radiation due to modal coupling of two out of plane modes (m, n) and (m 1 , n 1 ) exist only whentwo out of plane structural modes have same n i.e. n = n 1 . The self and mutual radiation powers due to two interacting modes are shown in Table 3 . The sound power level (dB, reference = 10 12 watts) due to self and mutual radiation of annular circular plate with parabolically decreasing thickness variation due to transverse vibration for different taper ratios is investigated by applying a concentrated load under time-varying harmonic excitations. A harmonic frequency range of 0-8000 Hz is taken to determine the sound radiation characteristic. Figure 4 shows the sound radiation behaviour for annular plate obtained analytically and numerically for taper ratio T x = 0.75 for excitation location 1 and for different modes. locations. Figure 9 shows the analytical and numerical comparison of radiation efficiency (σ mn ) for uniform plate having parabolically decreasing thickness variation. A well and good agreement of results is seen in comparison of radiation efficiency as reported in Figure 9 . Figure 10 shows the Numerical comparison of radiation efficiency (σ mn ) for circular annular plate having parabolically decreasing thickness variation with different taper ratio T x under excitation 1. It is investigated that for a plate with parabolic decreasing thickness, the effect of radiation efficiency due to different taper ratios is independent of exciting frequency rises 100 HZ, but at a given forcing frequency higher taper ratio causes higher radiation efficiency beyond 200 HZ. However, sound power level peaks do shift towards lower frequency as taper ratio increases. For higher frequency beyond 200 HZ, different taper ratios alter its stiffness at higher forcing frequency and the radiation efficiency curve tends to intersect each other at this high forcing region. It is interesting to note that the radiation curve tends to unity in the frequency band 5800 -6200 HZ and a clear peek are seenin this frequency band for all combinations of acoustic curve due to different taper ratios. Figure 11 shows the Numerical comparison of radiation efficiency (σ mn ) for circular annular plate having parabolically decreasing thickness variation for different excitation locations for taper ratios T x = 0.75. From Figure 11 it is observed that for a higher forcing region beyond 200HZ, mid excitation has lowest radiation efficiency in comparison to other excitations and all radiation efficiency curve due to different taper ratios tends to intersect with each other at this high forcing region for different excitation locations. 
Ratio for All Excitation Locations
Peak sound power levels due to self and mutual radiation for circular annular plate having parabolic decreasing thickness variation for different taper ratio are shown in Figure 12 . Peak sound power level for all excitation locations is reported at first peak which corresponds to (0, 2) mode of the plate. It is clear from Figure 12 that for plate under excitation location 1 i.e. towards outer radius, peak sound power level increases for increasing value of taper ratio whereas for excitation location 2 i.e. towards inner radius, the peak sound power level decreases for increasing taper ratio. When excitations moves towards mid position, then for increasing taper ratio, peak is minimum at Tx = 0.50 and maximum at T x = 0.25. It is thus quite obvious that excitation location has significant impact on the peak sound power level. A further excitation location with a different taper ratio provides us design options for peak sound power level. As for example, for peak sound power suppression, plate with taper ratio T x = 0.50 with mid excitation may be the option. Similarly for sound power actuation, plate with a taper ratio T x = 0.75with excitation location 1 towards outer radius may be another alternative solution. 
CONCLUSIONS
The sound radiation behaviour due to self and mutual radiation of an annular circular plate having parabolically decreasing thickness variation in the air medium with different taper ratio is analysed. It is observed that excitation locations and modes variation have significant impact on sound power level in comparison to the stiffness variation due to taper ratio. For taper ratio T x = 0.75, the highest sound power level, 82 dB is obtained for excitation location 1(towards the outer radius) while for excitation locations 2 (towards the inner radius) and 3(mid excitation location), the highest sound power level obtained are 79 dB and 78 dB respectively. Further, it obtained that sound power level rises 40 dB, we do not get any design option for excitation location 1 whereas excitation location 3 may be an alternative for sound power level rises 40 dB. For sound power level between (40-50) dB, we get a broad range of frequencies as design options in different frequency bands for different taper ratios at these three excitation locations. It is further investigated that peak sound power level of plate for excitation location 1 increases for increasing value of taper ratio whereas for excitation location 2, peak sound power level decreases for increasing taper ratio. But for mid excitation, the peak sound power level is minimum at T x = 0.50 and maximum at T x = 0.25. It is inferred that excitation locations with a different taper ratio provide us design options for peak sound power level. As, for example, for peak sound power suppression, plate with a taper ratioTX = 0.50 with mid excitation may be the option. 
